! Wind ®nnels 9.1.1

. 4
l R S
~? NORTH ATLANTIC TRUATY OCRCANIZATION »
N v
L N ADVISORY GROUP FOR AERONAUTICAL RESTARCH ALD DTVELOPVENT \/
DN {
L\' 2
S } v
\ V
N
A\
T EFFECTIVENESS OF THE TRANSONTIC ™MD TUNNTT
| S A DEYTAT FOR WINTMIZTIC TUNNEL-BOUNDARY TNTTRFERWCE
FOR MNADTL TRSTS AT TRANSONIC SPREDS
| By
Ray H. Tricht
NATA TAMNGLEY RESTARCH CTNTER
; THRU)
9
, ’ = g ) (PAGES) conD) —
‘ g 4512 |
- . INASA CR OR THMX OR AD UMBER) {(CATEGORY) !

To be presented at Meeting on Interference Effects in Aerodynamic Test

Facilities to be held at Rhode St. Genese, Eelgium, from March 2—5, 1959,

: | "E‘"'"

% c, )7MW
NASA Bvaluqai”?

0 | meg(o’«))@




L~

. I

T ——

Ny , -

TAEL™ OF CONT@ITS

LIST CF TAPLES
LIST OF TLIUSTRATTIONS
STMUARY
SYWEROLS
INTRODUCTIOT
THE MATIRE OF WIMD TUNNEL INTERFTRENCE AT SUBSONIC SPTRDS
(a) Lift Interference
(b) Solid Flockage Interference
(c) wake Blockage Interference
(d) Compressibility Zffects--Choking
(e) Summary and Discussion
TRANSOMIC WIND TUNNWLS AT SUBSONIC SPREDS
(a) ¥ethods of Testing at Transonic Speeds
(b) The Slotted Test Section of Circular Cross Section
(c) Test Section with Slotted Top and Bottom Vialls and
501id Side “alls
(d) Test Sections with Porous or Perforated %Walls _
TRANSONIC WIND TUMNELS AT SUPERSONIC SPEEDS
EXAMPLES AND COMPARISONS
CONCLUSTONS
REFEREN CES

Appendix:

o ae

"TEEE
-~ onul\w W | ol U('g

=
o

[
(VS)

13
1L

23
26

33

AT
49

78



— ,-—-.,.tnm

y -

IT1.

111,

Iv.

Fig.
Fig,
Fig.
Fig.

Fig.

Fig,

Fig.

LIST OF TABLES

FIRST-ORD"R BOUNDARY INTERFERTICE IN TWO-DINENSTIONAL
AMD TN CTRCIAR WIND TUNNFLS VITH OPFN AND CLOSED
BOUNDARIE®S

THYORETICAL FIRST-ORDZR FOUNDARY INTSRFERENCE WITH A
SMATL MODEL 17 A CIRCULAR WIND TUNYR®], WITH UNIFORMLY
SPACFD STREAMWISE SLOTS DESIGNED FOR ZERO SOLID
BINCKACE TNTTPFERENCE

THEORETICAL FIRST-ORDER BO'WDARY INTERFTRENCE WITH A
SYALL ¥ODEL I SQUARE ¥IND TUNNEL HAVING SLOTTED
TO® AYD BOTTOM WALLS AND SOLID SIDE WALIS. THE
EOUALLY SPACED SLOTS ARE DESIQIED FOR ZERO SOLID
BIOCKACE

THRORRTICAL FIRST-ORDER BOUNDARY INTERFERENCE WITH
SMALL MODELS IN TWO=-DTMENSIONAL AND IN CIRCULAR
WIND TUNNELS VITH UNIFORILY POROUS BOUNDARIES.
PORCSITY DESIGNED FOR ZERO VELOCITY INCRZMENT AT
MOD®L DR TO SCLID BLOCKAGE

LIST OF ILLUSTRATIONS

1.- Lift vortex in two-dimensional tunnel
2.~ Trailing vortices in circular tunnels
3.~ Source-sink doublet in two-dimensional tunnel

li.- Sources or sinks in two-dimensional tunnel
]
S.- Variation of increment of Mach number due to solid
tlockage interference on fineness-ratio-6 body
of revolution in open circular wind tunnel. Body
length.]l 1.75 times tunnel diameter

6.~ Blockage interference at center of 3.54inch;diameter
orolate spheroid of fineness ratio 6 in 12-inch-
diameter circular tunnels

7+- Comparison of theoretical with experimental blockage
interference at center of 3.5-inch-diameter prolats
scheroid of fineness ratio 6 in 12~inch-diameter
slotted circular tunnel.

Page

53

5k

55

56

Page

57
58
59

62

6

II



Fige

Fig,

Fig.

Fi o

Fig,

Fig.

Fig.

III

LIST OF ILLUSTRATICNS.- Continued:

Page

8.~ Comparison of pressure distribution corrected for el
interference at center of body on 3.5-inch-diameter
prolate spheroid of fineness ratio 6 in 12-inch-
diameter circular slotted tunnel with pressure dis-
tribution on same body in 8-foot circular closed
tunnel, Effective Mach number 0.7. ILength of body 1
measured from nose

9.- Shock reflesction from slotted boundary of Langley 65
8-foot transonic tunnel. Stream Mach Number = 1.056

10.~ Comparison of body-surface pressure distributions 66
on a body of revolution tested at supersonic speeds
in the slotted test sections of the Langley 8-foot
and 16~foot transonic tunnels

11.~ Pressure coefficients at surface of two-dimensional é1
model with several different boundary conditions.
M = 1,L00; blockage 2l percent

12.- Pressure coefficients at surface of cone-cylinder 68
model with various non-reflecting tunnel boundaries.
M = 1.194; blockage 1.80 percent

13.- Pressure coeffieients at surface of cone~cylinder &9
model with porous tunnel boundaries. M = 1.19L;
blockage 1.80 percent; constant stream pressure
behind walls

1k.~ Comparison of drag coefficients on 33.5-inch-long 70
nem-1ifting body of revolution in Langley 8-foot
trensonic tunnel with those obtained from free-fall
data and from tests in the Langley 16~foot transonic
tunnel

15.- Comparison of lift~curve slopes for a large wall- 71
mounted wing in small slotted, open and closed
tunnels with 1ift on same wing in closed Langley
7- by 10-foot tunnel

16.~ Comparison of pitching-moment characteristics of 72
- wall-mounted wing in small slotted tunnels with
those of same wing in Langley 7- by 10-foot '
tunnel

17.- Comparison of 1lift coefficients for winged models in 73
Langley 8-foot and 16-foot transonic tunnels.
(Single flagged symbols indicate data from small
model in the 8~foot tunnel, cross-flagged symbols
indicate data from large model in 16~foot tunnel.)




v

1LIST OF ILLUSTRATICNS.- Concluded:

Fig. 18.- Comparison of drag coefficients for winged models
in Langley 8~-foot and 16~foot transonic tunnels.
(Single flagged symbols indicate data from small
model in 8-foot tunnel, cross-flaczed symbols
indicate data from large model in 1é-foot tunnel.)

Fig. 19.- Comparison of pitching-moment ceefficients for winged

models in lLangley 8-foot and 16~foot transcnic
tunrels, (Single flagged symbols indicate data
from s~all model in 8-foot tunnel, cross-flagged
symbols indicate data from large model in 1(-foot
tunnel.)

Fig. 20.- Comparison of 1lift coefficients for a large complete
model tested in the langley 8-foot transonic pres-
sure tunnel and in the Langley 16~foot transonic
tunnel

Fig., 21.- Comparison of moment coefficients for a large complete
model tested in the Langley 8-foot transonic pres-
sure tunnel and in the Langley 16-foot transonic
tunnel

v

Page

7h

75

76

77




—

[ . ’ v

SUMMARY

The nature of the tunnel-boundary interference at transonic speeds
is discussed and the theory of the use of the transonic tunnel in minimizing
this interference is rresented. The requirements for eliminating the 1lift
interference at subsonic speeds are different from those necessary for
eliminating the Elockage interference and some interference in model testing
mist therefore be tolerated. For this reason and also because of certain
distortions of the flow field, the model size must be restricted. The model
size is more seriously restricted by the interference at low supersonic
speeds. The prevention of bow-shock reflection is not sufficient to assure
freedom from boundary interference and it is, in general, impractical to
remove the remaining part of the supersonic interference. In spite of these
restrictions, careful use of the transonic tunnel significantly extends the

range and usefulness of wind-tunnel testing.
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SYMBOLS

source strength with incompressible flow
drag coefficient
1ift coefficient

nitching-moment coefficient referred to quarter-chord
line of the mean-aerodynamic chord

oressure coefficient

half tunnel height

cuality factor relative to closed tunnel

quality factor relative to open tunnel {Quality factor is
quantity by which closed or open tunnel interference
must be multiplied to obtain slotted or porous tunnel
interference)

doutlet strength for incompressible flow

reference (free-stream) Mach number

interference Mach number increment; the increment to be added
to the reference Mach number to obtain the effective test
Mach number at the model

static pressure

total pressure

L

dynamic pressure, %f V2

~. radial coordinate or distance

radius of circular tunnel

pemeability factor defined in references éS and 26
semispan of vortex pair, approximately semispan of wing
wWing area

induced velocity in direction of x-axis

velocity in direction of y-axis

reference (fnee-stream) velocity in tunnel, velocity far upstream

%elocity in direction of z-axis
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SXMKJIS.-— Concluded;:
Xy Y2 rectangular cartesian coordinates, x in direction of reference
velocity along tunnel axis or center line
angle of attack, degrees
V1 -%2 for Mm<1; VM2 =1 for M 1
ratio of srecific heats of tunnel test gas
vertex strength, pesitive in direction of y-axis

density of tunnel test gas

* D TIR ™ Q

sunerscript emphasizing an interference value
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INTRODUCTION

Transonic wind tunnels of the slotted-wall type have been in operation
by the NACA (now NASA) since 1950. It is therefore appropriate at this time
to attempt some evaluation of such wind tunnels and of other partly open-wall
tunnels of the porous and perforated types. The transonic test section was
originally developed as a device for obviating certain boundary interference
corrections, and its effectiveness in accomplishing this purpose is the
criterion for this evaluation.

The application of tunnel-boundary interference corrections can be quite
complex and tedious. In order to avoid such complexity and tedium, and,
even more important, to provide that simplicity of-approach necessary for a
clear appreciation of the over-all status, attention is directed to the
physical phenomena rather than to correction procedures; which, once the
interference velocities, pressures, Mach numbers, and flow angles have been
determined, can be made by methods already presented in the rather extensive
literature applying to opef®”and closed tunnels.

At the expense of some care and labor in application of corrections,
the usefulness of the transonic wind tunnel could be extended to permit the
testing of larger-than-normal models and to unusual model-tunnel configurations,
but except for a few cases (See, for instance, ref. 1), the theoretical and
experimental investigations needed to permit such extension have not been
performed. Partly for this reason, and partly also in the interest of
simplicity, this treatment is limited to the consideration of first-order
interference effects. The evaluation is based on a combination of theoretical
indications, physical reasoning, and experimental results. Some simple

derivations have been included in the Appendix for ready reference. The



o #
extensive reliance upon theoretical considerations is necessary in the treat-
ment of wind-tunnel interference problems because the interference is
essentially second-order relative to most test measurements that can be made
and is at best difficult to determine with adequate accuracy from experimental

investigations.
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THE NATURE OF WIND TUNNEL INTERFERENCE AT SUBSONIC SPREDS

In order to gain an appreciation of the problem that first led to the
investigation of wind-tunnel test sections of the rixed-boundary type, it is
instructive briefly to review some simple examvles of the subsonic first—
order interference theéry for open and closed test sections. According to
this theory, the interference is due to the reaction of the boundaries of
the test stream to only three characteristics of the test model, namely its
1ift, its disnlacement, and the displacement of the wake due to its profile
drag. Other characteristics such as the distritution of 1lift and displacement
give rise to second-order interference effects. FEut. if the size of the model
is properly small relative to the size of the tunnel. the interference re-
action of the boundaries can be adequately estimated by representing the }ift
with a single horseshoe vortex, the displacement of the model with a single
doublet, and the disrlacement of the wake with a single source. In the
simplest case, the model is supposed‘to be placed at the center of the tunnel
~symmetrical with respect to a vnlane containing the tunnel axis or center
line and with the tunnrel boundariéé extending parallel up and downstregm
without 1limit,, In this simplest case, the interference phenomena are easy
to comprehend.,

-

Lift interference.~ Consider first the boundary interference in the pre-

sence of the liff. For convenience in analysis, the bound part of the horse-
shoe vortex is separately treated and is placed in a two-dimensional tunnel,
The case of a two-dimensional vortex of st£ength [ in a closed tunnel is
illustrated in figure 1(a). The required boundary condition, that the velocity
at the boundary nomal to the wall be zero, is exactly satisfied by an
infinite sfstem of altemately negative and positive vortex images. Because

of the alternate signs of the image vbrfices, the effect of the bound vortex
system is sensibly zero only a short distance upstream or downstream. The

interference is therefore due enﬁirely to the induced velocities near the




R AR

"
model location,

Fxamination of figure 1(a) showé that since the images are equal in
absolute strength, those equidistant from y = O can be paired to yield
zero induced velocity at the model. TFurther examination suggests, since the
effects of the nearer images predominate, that a downwash exists upstreanm
from the model and an upwash downstream from the model; and this is the
effect indicated by theory. This is the only effect produced by the boundary
interference of solid walls on a two-dimensional vortex across the center
of the tunnel. In the closed tunnel, the positivé induced curvature of the
flow (increasing slope of the streamline) has an effect like the opposite
curvature of the airfoil chord, that is like positive camber, and the 1lift
of the model is therefore increased. A horizontal tail-plane a short distance
behind the wing receives an increased angle-of-attack, therefore. aniincreased
1ift and corresponding negative increment of model moment, otherwise a decrement
in tail angle for trim.

In the open tunnel with a two-dimensional vortex at (0, 0) the required
boundary condition, zero induced velocity in the stream direction at the
boundary, is again satisfied by an infinite set of vortices equally spaced
along the y axis. In this case, however, the original vortex and the
images are all of the same sign. Since this sign is opposite to that of
the nearest two of the images representing the interference in the closed
tunnel, it is reasonable to suppose that the sign of the induced interference
velocities in the open tunnel is opposite to that of those in the closed
tunnel; and, since the vortices-are'all of the same sign, rather than of
élternate sions, the magnitude of these induced velocities should be greater
than that of those in the closed tunnel. This§ supposition is borme out b&
the theory, and in fact it is found that the flow-curvature interference in

the open tunnel is of opposite sign and just double the magnitude of that in
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the closed tunnel,

The interference in the open tunnel with two-dimensional vortex differs
from that in the closed tunnel in another respect, that has sometimes -been
overlooked. The infinite set of vortex imaées all of the same sign now
yields vpstream from the model an upwash which in only a short distance
becomes sensibly equal to its final value attained as the upstream distance
approaches infinity. Relative to the reference velocity V therefore a
downwash =-v occurs at the model.

Consider now the interference in the presence of that part of the horse-
shoe vortex trailing downstream in the tunnel. For the open and closed tunnels
and also for the slotted tunnel (but not for the porous-wall tunnel) the
problem can be simplified by treating the flow in a plane, the Trefftz plane,
normal to the tunnel axis at some position far downstream from the model.

The essentially three-dimensional problem is thus reduced to one in two
dimensions, and theory gives the downwash interference at the model as'exactly
half that calculated in the TrefftZz plane. The theory is especially simple

for closed or open circular boundaries. Thus, in figure 2, thé boundary
-

~conditions are satisfied with only two image vortices, one for each of the

two trailing vortices, placed at the inverse points, i.e. _rl =Ta For each

of the image vortices, another vortex at the center of theI:;nnd; is also
required, but'since these two vortices are of equal magnitude  but of opvosite
sign, their effects compensate and therefore need not be considered. In the
closed tunnel (fig. 2(a)), the image vortices are of the.same stréngth as

but of opposite sign to that of their originals, aﬁd, as is easily seeh,\an
upwash results near the center of the tunnel. In the open tunnel (fig. 2(b))
the interference is of the same magnitude as that in the closed tunﬁel, but

opposite in signi a downwash occurs.

Solid blockage interference.- Because of the thickness of the model, the

streamlines of the flow are displaced laterally; and, the reaction of the
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tunnel boundaries to this displacement constitutes an interference relative
to conditions with the model in an unrestrained flow field. For a first-
order caleulation of this interference, the model can be £ep1aced with a
single source-sink doublet.

The two-dimensional case with open and with closed boundaries is illustrated .
in fipure 3. In the closed tunnel (fig. 3(a)) the zero-nomal-velocity
boundary condition at the walls is exactly satisfied with an infinite set of
mirror images of the original source-sink doublet Spac;d one tunnel-height
apart along the y-axis. The resulting crowding of the streamlines pfoduces
an increase in velocity in the x—direction for the interference at the position
of the model. In the open tunnel (fig. 3(b)) the two images nearest the
model must be of the same strength as the original but opposite in sign, and
the farther images must be alternately positive and negative. As a result,
the solid blockage interference in the open tunnel is of opposite sign and
of half the magnitude of that in the closed tunnel.

The three-dimensional solid blockage phenomena{are fundamentally the
same as those in two dimensions, but in this case, the magnitude of the
interference in the open tunnel of circular or square cmss-sectioﬂ (but not
for shapes much different from these) is only abbut a fourth of that in the

closed tunnel.

Jiake blockage interference.- The profile drag of the model results in a

wake of reduced velocity downstream from the model, and the effect of this
wake on the outside flow can be represented, for the purpose of first-order
boundary—ipterference calculation, by a single source located at the position
of the model. The systems of images satisfying the boundary conditions for
closed and for oven two-dimensional tunnels are indicated in figure L. For
the closed tunnel, the infinite set of sources along the y-axis, corresponding

to the original source, evidently produces a decrease in velocity on the
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forward part of the model and an increase over the rearward part, that is, a
lpositive veloeity gradient or, otherwise, negative pressure gradient. An
inerease in drag is therefore measured on a force balance, or what amounts
to the same thing; an increase in surface pressure is measured near the nose
of the model and a decrease near the tail.

As for the case of the bound vortex, the infinite set of source images
all of the same kind produces a disturbance far upstream. For the source
'images, this disturbance is a reduction in velocity in the x—direction.
Relative to the reference velocity V therefore an increase of tunnel velocity
occurs at the model.

For the open tunnel, the images must altemate in sign with the original
as indicated in figure l(b). . The velocity gradient is therefore opposite in
sign and, as shown by the theory, is of half the magnitude of that in the
closed tunnel. The velocity interference is zero, because the altemately
positive and negative infinite set of images produces zero velocity increment
forx—» -»o.

The interference effects of open and closed three-dimensional boundaries
in the presence of a source are in every way comparable to those of two-dimen-
sional boundaries. Thé phenomena are fundamentally the same, but again, as
for the velocity interference due to wake blockage in the presence of a source-
sink doublet, the velocity gradient due to three-dimensional wake blockage is,
] for circular or square cross-section, only a fourth as large (and opposite
in sign) in the open tunnel as in the closed tunnel.

In the pfe’sence of a sink, both the velocity- and velocity-gradient-
interference effects are the negative of those experienced with a source.

The sink is useful in estimating the first-order interference effects on a
propeller,

Compressibility effects——choking.- To the first-order accuracy herein

considered, the effects of increasing Mach number can be estimated by means
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ofrthe well-known Prendtl-Glauert rule. The rule is simple enough, but its
application to wind-tunnel interference is of such subtlety that several of
the early attempnts to estimate the compressibility effects contained incorrect
results., The various first-order interference effects generally increase

with Mach number, but the upwash or downwash due to lift is an exception to
this rule, provided the actual measured 1lift is used in estimating the inter-
ference velocities. However, in applying corrections, the vertical velocities
(upwash or downwash) must be read off at x/m rather than at x,
where Xx 1is the distance in the free-stream direction and M is the reference
Mach number. At the position of the model, x = 0, the vertical interference.
velocity remains unaffected by increase in Mach number, .The flow curvature,
on the other hand, receives a compressibility factor l/VCI-:;Ién

A much more severe compressibility effect according to the linearized
interference theory aéplies to £he solid blockage. The increment of velocity
in the x~direction receives a factor 1/1 - sz%' 3 but this is not all.
Within a range of Mach number for which the compressibility effect on the
interference (but not on the flow about the model) might otherwise be adequately
represented by meéns of the Praﬁdtl-GlaUert rule, a fundamental flow change
occurs, With the attaimment of sonic velocity in a region of the flow field
near the model, the mass rate of flow is restricted in that region and the
streamlines are crowded in the vicinity of the tunnel walls, The effect is
similar to that of an increase in model thickness, and an increase of the
strength of the doublet representing the model is therefore required.

A further similaf effect arises from the boundary layer and wake., The
wake is never represented with‘complete accuracy by means of sources; and as
shock waves teminating the supersonic flow region lead to flow separation
with increa§ing boundary~layer and wake thickness, the additional doublet

strength required in an adequate representation of the boundary layer and




wake may become appreciable. Because of these effects, the solid blockage
interference may increase with Mach number over part of the subsonie Mach
number range more strongly than is indicated by the factor 1/53 where

g = J1-M2,

In apnlying the solid blockage compressibility factors, no distinction
is required between two-dimensional and three-dimensional configurations. The
compressibility effecps are essentially the same, though in two dimensions
part of the linearized compressibility factor is sometimes applied directly
to the representing doublet strength,

The wake blockage interference velocity receives a compressibility
factor 1452 and the velocity gradient due to wake blockage a factor 1493;
but if the interference is based on drag, a further factor, [1:* (y - 1)%2] s
where ¥ is the ratio of specific heats, is required to account for the
increase of the renresenting source strength with increase of Mach number,

In the range of Mach numbers greater than that for which sonic velocity first
occurs in the flow field about the model, the wake blockage interference may
increase with Mach number more strongly than is indicated by these factors
because of the great increase in drag.

As the tunnel Mach number approaches unity, the linearized theory becomes
increasingly unreliable and the compressibility factors inapplicable. (This
inapplicability is apparent from the fact that 145 approaches o© as M
approaches unity). . Moreover, in the closed tunnel, the indicated reference '
Mach number can be increased little beyond that corresponding to the first
attainment of sonic velocity at thehwall near the model. Because of the solid
and wake blockage (and verhaps affected also by the 1ift and by the attitude
of the model) this maximum Mach number may be considerably less than unity,
and the tunnel is said to be choked. In this condition. the flow over the

forward part of the model is insensitive to that over the rear, and adequate

“

tunnel ~boundary interference corrections are difficult or impossible to make.
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In the oven tunnel, the interference is somewhat less severe, but the large
power requirement and the instability often found at high subsonic Mach

numbers has discouraged the use of this kind of tunnel.

Summary and discussion.- First-order interference effects with the model

placed on the center-line at x = 0 in two~dimensional and in circular wind
tunnels with open and with closed boundaries are summarized in Table I,

wherein also arpropriate references are given. Reference 2 is an excellent
summary of.the interference effects and corresponding corrections with incom~
pressible flow. Interference effects with compressible flow are treated in
references 3 through 8 and in the Appendix. References 3 and 7, in particular,
are recommended as reliable and rather complete summaries of 1lift énd solid

and wake blockage interference in two-dimensional closed tunnels and of solid
and wake blockage interference in closed three-dimensional tunnels, respectively.
The references relate the vortex strength to the 1ift (which relation is'the
same for comoressible as for incompressible flow, i.e., 1ift per unit span =pV/["),
the doubiet strength to the volume of the model, and the source strength to

the drag, and also show how to derive the various corrections from the known
interference., All thesé relations are the same for slotted‘gr porous as for
open or closed boundaries, and will not be further discussed.

Consider now the rei;tive magnitudes of the various kinds of interferencé;
Because of the importance of three-dimensional effects in high-speed aerody-
namics, two-dimensional testing has become of relatively lesser importance
than testing in three dimensions. For this reason, since for a three-diménsional
model the chord and sﬁan of the wing and ;herefore also ‘the 1ift and corresponding
total vortex strength are normally smaller, the interference on the bound
vortex also becomes of lesser importance. In fact, the effect of streamline
curvature is commonly ignared in complete-model testing. Moreover, as seen

from Table T, as the Mach number increases, the dowrwash interference remains‘
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unchanged { for constant 1ift), so that the 1ift interference becomes still
less significant relative to the strongly increasing solid and wake blockage.
For models with properly small drag coefficient, the wake blockage becomes
lérge only at Mach numbers greater than about 0.8, whereas the solid blockage
may be significant throughout the Mach number range and increases very strongly
in the range above about 0.7. In most cases therefore involving the con-
sideration of transonic wind tunnels for subsonic testing, attention should
be directed.first of all to the solid blockage.

The solid blockage interference and other types of interference as well
are further affected by compressibility in a way not apparent in Table I.
Bven with incompressible flow, the solid blockage interference, for instance,
cannot be accufétely represented by a single velocity or Mach number increment
unless the model is properly small relative to the tunnel size. With increase
in Mach number, this distortion of the flow field is accentuated. Not only
does the maximum interference increase, but the x-region within which a
given percentage of variation occurs becomes narrower as the Mach number
increases (Sée for instance ref. 5). ‘

This effect was illustrated in an unpublished theoretical investigation
of the solid blockage interférence on a fineness-ratio-6 body-of-revolution
of length 1.75 times the diameter of the open tunnel in which it was placed.
For incompressible flow, the interference near the ends of thé bedy as con-
trasted to that at the center had already fallen to practically zen;,'but
for a Mach number of 0.7, because of the flow distortion due to increase of
Mach number, the interference in fhe same ;egion had attained an appreciable_
value opposite in sign to that at éhe center (fig. 5). It is this same
distortion of the flow field with increase in Mach number that introduces

the extra factor l/ﬁ into the compressibility factor for the flow curvature

and for the pressure gradient.
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Besides these obvious distortions of the flow field, others more difficult
to estimate are to be expected. With increasing Mach number, various second-
order effects almost certaini& become of increasing importance, and, as
already pointed out, the attainment of choking in closed tunnels not only
limits the test range, bﬁt also may correspond to flow conditions at the
model that cannot be related to any free-field condition. Model sizes must
therefore be progressively decreased as the test Mach number approaches unity

or else some way must be found to circumvent the problem.



TRANSONIC WIND TUNNELS AT SUBSONIC SPEEDS

Methods of testing at transonic speeds.~ The problem of wind-tunnel

testing at transonic speseds can, of course, be avoided by means of flight
testing of piloted aircraft or of pil§tless models (see, for instance,

ref. 9) or even by allowing a model to fall freely ( refs. 10 and 11).

However, these free-~flight methods are usually more expensive and less convenient
than wind-tunnel testing, and with these methods accuracy comparable to that
normally attained with a fixed installation is difficult to achieve. By
another method, the transonic bump method, a model 1ls tested in the flow field
surrounding another body, but the model is almost necessarily small, the
interference due to the presence of the body may be difficult or impossible

to detemine and nonuniformity exists in the flow field into which the model
is inserted, so that again satisfactory accuracy is difficult to attain

(ref. 12).

The free-field conditions could evidently be represented in the wind
tunnel if the (solid) walls wege shaped to conform to stream surfaces in the
free-field flow about the model. This method has actually teen used ( ref. 13),
but it is evidently awkward and inconvenient and becomes increasingly difficult
to apply as the Mach number increases in the upper subsonic range.

Another method of circumventing at least part of the wind-tunnel inter-

'

ference problem is suggested by reference to Table I, where for the critical
solid blockage the interference in the open tunnel is seen to be of opposite
sign to that in the closed'tunnel. .It therefore seems reasonable Fo suppose
that a mixed boundary containing some particular arrangement of open and
closed portions might reduce the solid~blockage interference to zero. This
is the idea that led to the NACA transonic test sections. The same idea had
been previously used to remove the low-speed 1ift interference (see, for

instance, ref. 1l).

13



The slotted test section of circular cross section.~ The solid blockage

interference in a rectangular tunnel with two opposite open sides and two
opposite closed sides had been treated in reference 15, wherein it was found
that the interference at the position of the model would be zero if thé
length of each closed side were 1.17 times the length of each open side,
This arrangement of two open and two closed sides appears to involve an
unnecessary risk of flow-field distortion. Uniformity of flow in the test
region is evidently favored by using many open and many closed segments of
the boundary symmetrically arranged. A ten-slotted circular tunnel with the
slots running in the streamwise direction was therefore theoretically in-
vestigated and tested (ref. 16). Some of the results follow.

The attempt to satisfy exactly the boundary conditions at the open and
closed portions of the boundary in the vresence of a source-sink doublet
led to an infinite set of linear simultaneous equations for the determination
of the functions required in calculating the interference. Nevertheless,
the behavior of the’slotted‘tunnel at subsonic speeds became immediately
apparent, and on the basis of some approximate solutions with various slot
widths, it was estimated that the blockage interference in the ten-slotted
circular tunnel would be approximatel; »ero if about one=eighth of the total
boindary were open. This estimate has been shown by later investigations to
be too large, but it is conservative, becausevfor open ratios greater than
that required for zero blockage, the interference is relatively insensitive
to variation of slot width. The excess width also provides some allowance
‘for viscbus effects near the slot edges.

The theory shows that with increase in the number of the ( symmetrically
spaced) slots, the ratio of open to total boundary corresponding to zero
btlockage decreases. An analogous effect is found in electrical shielding,;

for which the required amount of constant-potential material decreases as the

screen becomes finer.
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The compressibility factor for the blockage interference in the slotted
tunnel was shown to be the same as that for blockage interference in open or
closed tunnels. It follows that within the range of avplicability of the
Prandtl-Glavert rule, a slotted wind tunnel giving zero blockgge interference
with incomoressible flow will also give zero blocckage interférence with com~-
pressible flow at all subsonic Mach numbers.

The elimination of the solid blockage interference with Mach numbers
approaching unity suggests that the associated tunnel choking should also be
eliminated. The same result was derived by arguing that because the stream-
lines were now free to expand outward through the slots, choking could not
occur,

On the basis of this theoretical investigation, a ten-slotted, 1/8-open
circular tunnel one foot in diameter was designed to check the theory. Care
was taken to represent the theoretical assumptions as well as practically
could be done., Thus, the slotted test section was made relatively long,

3 diameters; and in 6rder to assure constant pressure at the slots the
material of the test section was cut away outside the slots and the diameter
of the surrounding constant-pressure tank was made twice that of the test
section.

To assure a large enough interference effect for reasonably accurate
determination, the body-of-revolution test model was much larger relative
to the tgpnel than would normally be employed. The length'of the bocdy was
1.75 times the diameter of the tunnel and its maximum cross section occupied
8.5 percent of the tunnel cross section. '

The interference at the center of this large tody in the slotted tunnel
is compared with thaﬁ in the open and in the closed tunnels in figure 6.

The interference Mach number increments are based on the assumption of zero

interference in the eight-~foot closed circular tunnel, where the interference
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is theoretically 1/128 of that in the twelve-inch open tunnel. The presence
of a small negative interference Mach number increment for the slotted tunnel
must be considered a consequence of the too-large ratio of open to total
boundary. The interference for the open tunnel at the highest Mach number
for which the interference is shown is based on a single datum point and is
perhaps unreliable,

The equations of reference 16 are inconvenient for use in caleulating
the interference in a slotted tunnel. A convenient method based on average
rather than exact boundary conditions is given in reference 17. From
figure 7 of that reference with values of the abscissa |/E;:£7’“ zero for
the closed tunnel and 0.86 for the 1/8-open 10-slotted tunnel, the interference
in the slotted tunnel was estimated to be about (=0.063) times that in the
closed tunnel. This factor was applied to the closed tunnel interference
calculated for the prolate spheroid in the circular tunnel by means of
equations (Lli) and (50) of reference 7. The resulting estimated interference
is shown for comparison with the measured slotted-tunnel interference in
figure 7. Most avparent is the, not unexpected, failure of the compressibility
factor to agree with the experimenta® results in the Mach number range near
unity. It seems reasonable to conclude that the performance of the slotted
tunnel is more reliable than the theory of wind-tunnel interference. This
behavior is indeed fortunéte and is in considerable measure responsible for
the improvement that the NACA transonic test section has brought to the
technique of transonic testing.

The variation of the interf;rence near the model position must alsoc be
considered. The radial variation with many slots is theoretically small, and
there is no reason to suppose that this characteristic will not be achieved
id'practice. The variation in the streamwise direction on the other hand is

theoretically zero at the center of the model and symmetrical upstream and

downstream from the center; and this theoretical prediction is not achieved
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in“practice. Thus, figure 8 shows a significant negative pressure gradient
in slotted tunnel. An explanation of this pressure gradient based on departure
from the assumed potential flow will appear in the sequel. ' The pressure
gradient interference in the slotted tunnel is less important than might be
suoposed because with decrease in model size both the pressure gradient
interfemnce and the effect of a given pressure gradient on the model coef-
ficients decreases,

Some further characteristics of the slotted tunnel may be pointed out.
First, the residual tunnel pressure gradient often present in closed tunnels
is absent from a slotted tunnel. A gradient can be introduced, however, if
the cross section of the entrance to the diffuser is appreciably different
from the effective cross section of the jet in the test region and if the
diffuser entrénce is too near to the model test position. Second, the slotted
tunnel provides a particularly simple and reliable method of determining the
reference Mach number. It is necessary only to measure the static pressure
in the tank surrounding‘the slots and to determine the Mach number by apply-
ing a pre-determined tunnel-empty calibration factor (near unity) to the
Mach number corresponding to the ratio of this static pressure to the total
pressure in the tunnel., This method is reliable provided the tank is sufficiently
large as not to interfere with the flow through the slots and provided the
model is located sufficiently far downstream from the upstream end of the
slots as not to influence perceptibly the flow in th;t region, The reliability
of this calibration method is a direct result of the fact that flow conditions
upstream from the model are-detezmined by transmission of pressure through
the slots in that region. Some indication of the required distance of the
model downstream from the slot beginning may be obtained from reference 18,
wherein it is found that a lifting model should be no e¢loser than about

one-half the tunnel height from the upstream or downstream end of an open

Jet. Examination of the calculated wall velocities shown in reference 19
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suggests that a somewhat longer test section would be desirable in the case
of the slotted tunnel. This result applies with incompressible flow. With
compressible subsonic flow, the upstream or downstream distance should per-
haps receive a factor 1/ﬂ . With supersonic flow, the model location is
detemined by the distance required for development of a unifom test region.
The inadequacies of the linearized potential-flow theory of references
16 and 17 have already become apparent. It is quite evident however, since
the interference is theoretically proportional to the cube of the ratio of
body diameter to tunnel diameter, that if the ratio of model size to tunnel
size had been reduced to a more usual value, halved say, the blockage inter—
ference in the slotted tunnel of figure 6 would have been hardly measurable,
Simultaneously, an even greater proportional reduction of the pressure
gradient effect should have occurred. Zven with the somewhat too large
open ratio therefore the solid blockage with the smaller model should be
approximately zero even near a Mach number of unity. The linearized theory
is, of course, inaopli¢ab1e in the vicinity of Mach number one, but by
virtue of the well-known stationarity of flow conditions near a Mach number
Qf unity one can reason that if the %Bterference is sensibly zero at a Mach
number slightly less than one it is small also at Mach number one and at a
Mé;h number slightly greater than one., These surmises were partially checked E
by testing a winged model of equivalent size 0.38 times that of the 3.S—inch-ﬂ
diameter prolate spvheroid. The results are reported in reference 16, where.’
it is shown also that the choking phenomenon does not arpear and that the
slotted tunnel is ;perable through Mach number one. Corroborating data of
a4 similar nafure will be shown in a subsequent section. Such data showing
absence of measurable interference indicate little about the nature of the
interference but do serve to certify the tunnel as suitable forbmodel testing

without the application of corrections. A sonic boundary interference theory

reported in reference 20 tends to support the arguments of this paragraph.
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The effect of the model wake blockage interference on the tunnel effective
Mach number and on the pressure gradient in the slotted tunnel has so far
tacitly been assumed to be negligible. For the models tested, this ig a
reasonable assumption. It is, moreover, susceptible to some analytical
investipation. As for the open and closed tunnels, the wake is approximately
reoresented by a source, and in analogy with these cases, the interference
velocity at the model due to the wake blockage is almost certainly zero.

For in the slotted tunnel, as in the oven tunnel, the continuity condition
which in the closed tunnel requires an increased velocity outside the wake
no longer applies. This result is formally derived in the appendix; the
velocity (or Mach number) interference due to wake blockage in a circular
slotted tunnel is zero with any slot width that is effective in reducing the
solid blockape, Woreover, the same formal derivation shows that if the solid

blockage is zero, the velocity (or pressure) gradient due to wake blockage
is also zero. Since, in addition, the wake blockage interference on wings
and bodies suitable for aircraft is nomally much smaller than the solid
blockage interference, its neglect in the case considered is believed to be
fully justified; though no experimental basis for this conclusion is knowﬁ
to the author.

The source is also useful to investigate the interference on a model
producing thrust. Inasmuch as the tunnel boundafy interference on a thrusting
propeller, for instance, is a@proximately the same as that on a negative
source (sink) the slotted circular tunnel appears to be particularly well
suited for propeller testing. A similar conclusion applies for any device
producing thrust in the direction of the tunnel axis.

The dowmwash due to 1ift interference in a circular slotted tunﬁel was

treated as early as 19L0 in reference 21. Essentially, the same results were

independeﬁtly derived and subsequently extended to various model-tunnel

configurations in reference 22. Both references 21 and 22 consider exact
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boundary conditions, but again the results of reference 17, which are derived
from average boundary conditions, are more convenient where applicable, For
circular tunnels containing equally spaced streamwise. slots all of the same
width, the ratio of open to total boundary necessary for zero downwash due

to 1lift interference is less than that required for zero solid blockage inter—
ference., In such a tunnel designed for zero solid blockage, the downwash

due to 1ift interference is of the same sign as that in an open tunnel. A
circular slotted tunnel having both zZero solid blockage interference and zero
downwash interference due to 1lift could perhaps be designed by concentrating
the slots in the part of the tunnel boundary near its intersection with the
horizontal plane through the axis, that is opﬁosite the wing tips, but the
interference would then be substantially non-unifemm over the tunnel cross
section. The theory indicates no compressibility effect on the downwash at
the model; only the stretching factor 149 is to be applied to axial dis-
tances, as already noted for ﬁhe open and closed tunnels, in reading charts
and figqres prepared for inc;mpressible flow.

The streamline curvéture, of camber correction, due to 1ift interference
in such a slotted circular tunnel designed for zero solid blockage is found
in reference 19 to be of the same sign as that in the open tunnel, but so
small as to be practically negligible. Because the effect of streamline
curvature on the 1ift is proportional to the ratio of the wing chord to the
tunnel radius, it becomes of even lesser relative importance as the model
size is made smaller., No adequate experimental data are available for checking
either the streamline curvature or dowmnwash due to 1ift interference.

The theoretical first-order boundary interference with a small model in
a circular wind tunnel with uniformmly spaced streamwise slots of such width
as to reduce the blockage interference to zero is summarized in Table II.

The interference is presented as fhe ratio K of the slotted tunnel inter-

ference to the corresponding closed tunnel interference. The streamline
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curvature at the model in the closed tunnel, which has not hereinbefore been

tabulated, is found from reference 19 and with the application of the oroper

compressibility factor to be 1 aVW’= SO , where S 1is
V 9x 8ﬂﬂrg

the wing area and (7, the model 1ift coefficient. The curvature in the

open circular tunnel is about 0.80 as large and opposite in sign to that
in the closed tunnel. Because the comoressibility factors are the same for
the closed as for the slotted tunnel,‘Table IT is applicable to compressible
flow within the validity of Prandtl-Glavert rule.

In consideration of the experimental evidence that has been presented,
the theoretical orediction. of zero solid blockace interference in a properly
designed slotted tunnel is believed to be correct. The theory should be
reliable in monitoring the design, provided the slot edges are relatively
thin, provided the test section is sufficiently long ( two diameters should
be long enough), and provided the number of slots is sufficiently small to
permit a slot width large relative to the boundary-layer thickness.

"ith regard to the source representing the wake, the theory leading to
the prediction of zero velocity increment interference due to wake blockage
in any slotted tunnel is so solidly based as to permit practically no doubt
of its validity. The velocity gradient, on the other hand, in the presence
of the source arises from slot reactions very similar.to those existing in
the presence of solid blockage, so that it seems almost necessary that in a
tunnel designed for zero solid blockapge interference, the velocity gradient
due to wake blockage should be at least small, The velocity gradient noted
in the experimental results is believed to be due largely to non-potential
flow effects in the solid blockage interference.

An effect similar to that of the wake may be expected to exist for
model support systems extending far éownstream from the model. Such a support

system exerts a direct influence on the model test reéults, but its secondary

influence arising from the boundary interference should be greatly relieved




in the slotted tunnel.

Aside from the experimentally discovered velocity gradient, it is evident
that the zero-blockage-interference wind tunnel also suffers from some 1lift
interference. Because the streamline curvature is so small and the downwash
is theoretically unaffected by compressibility, this 1ift interference need
not be large and could be compensated by the application of corrections.
However, the boundary conditions for the 1ift interference in a slotted
tunnel are less certain than in a closed tunnel and there is some experimental
evidence to suggest that the interference is greater than predicted by the
theory. Such an effect appears reasonable because with any appreciable
downward displacement of the jet due to the 1ift reaction, the inflow above
the wing qust increase the boundary layer thickness over the slotted surface
on that side of the tunnel, so that the actual boundary conditions in such
a region avproach those for an open tunnel.

Several reasons for limiting the size of the test model in a slotted
tunnel can now be suggested:

a. Even though the first-order theory may predict zero inter-

ference of a particular kind, a distortion of the flow field

corresponding to second-order or non-linear effects may still

exist. Such distortion may be expected to decrease strongly with

decrease in model size.

be The magnitude and effect of the experimentally discovered

pressure gradient cannot be thesretically detemined but may also

be expected to decrease strongly with decrease in model size.

This type of interference could perhaps Ee roughly determined by

a careful experimental investigation.

c. The 1ift interference is not well determined and should therefore

be kept small. . v
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d. As the Mach number approaches unity, the theory becomes less
reliable and the determination of satisfactory tunnel performance
f%sts largely on comparison tests. The fact that the interference
decreases with decrease in model size relative to tunnel size is

still solidly based, however, for any subsonic Mach number.

Even stronger reasons for limitine the size of the model will appear in the
discussion of supersonic interference.

By analogy with the case of open or closed tunnels, slotted tunnels with
cross-sectional shapes near circular are expected to exhibit interference
characteristics similar to those of circular tunnels., 1In particular,
reference 17 shows that the 1ift interference 'in a square slotted tunnel is
practically the same as that in a circular slotted tunnel having the same
cross—-sectional area and the same ratio of open to total boundary.

Before taking up the supersonic interference, the subsonic interference
in tunnels with slotted top and bottom walls and solid side walls and in
porous or perforated tunnels will be briefly considered.

Test section with slotted top and bottom walls and solid side walls.- A

tyve of slotted tunnel that ie relatively easy to construct and convenient

for the generation of supersonic flow and for the use of optical methods of
observation has the slots only in the top and bottom walls. The solid side
walls are then free for observation windows and for any model-support eqﬁip—
ment that might be needed. With cylindrical models extending between the

side walls-the flow is essentially two-dimensional, but the tunnel is aiso
suitable for three-dimensional tests of winged models with span perpendicular

to the side walls, Unfortunately, with this latter arrangement, the open-
ratio required for zero solid blockage interference is so large that substantial

lift interference exists. The 1ift interference could be reduced with small
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effect on the blockage interference by rotating the model through a right
angle, so that so&e vlane containing the span would be parallel to the side
walls, but this artifice would remove the advantage of the solid side walls
for optical observation and would besides accentuate the distortion of the
flow field, For three-dimensional testing such a wind tunnel must be regarded
as a compromise in the interest of convenience, particularly of supersonic
operation. If, because of supersonic interference, the three—-dimensional
models must be kept quite small relative to the tunnel, the subsonic inter-
ference may be negligible.

The theoretical first-order interference for two-dimensional models
and for small three-dimensional models in tunnels with only top and bottom
walls slotted is summarized in Table III. In each case, the number and width
of slots are assumed to be such as theoretically to reduce the solid-blockage
interference to zero. In the two~dimensional case, the 1lift interference
is computed as that corresponding to a two-dimensional vortex extending
perpendicularly from one solid side wall to the other across the center of
the~tunnel. The same arrangement of the two-dimensional source-sink doublet
and of the two-dimensional source yields the solid blockage interference and
the wake blockapge interference, respectively.

The 1ift interference in the three-dimensional case is treated in
references 22 and 23 by a method of synthesis, by which the interference is
computed as the sum of that due to the trailing vortex images in the solid
side walls plus that due to the effect of the slotted top and bottom walls

in the éresence of the trailing vortices. It is found that the lift inter-

ference due to the slotted walls is aimost the same as that on a two-dimen-

sional model spanning the tunnel and having the same total 1ift. A similar
treatment is given in reference 1; but the slotted-wall effect is there

ascribed mostly to the interference on the bound vortex, and the slotted-
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wall effect on the trailing vortices is used only to derive a small correction.
A cursory consideration of the problem would suggest that the slotted-
boundary interference on both bound and trailing vortices should be included.
However, the major effect of the slotted walls in the presence of the '
trailine vortices changes so slowly with upstream and downstrearn distance

that over any finite length it is essentially constant, Since the test
section is necessarily of finite length, the reference velocity is affected

no differently than is the velocity at the model and this particular type

of interference is therefore inapplicable.1 For this reason, the analysis

of reference 1 is preferred, though the two methods arrive at essentially

the same results., Reference 23 considers the streamline curvature in addition
to the downwash. The curvature is not specifically treated in reference 1,
but mav become significant for large models, As for the circular slotted-
tunnel, the 1ift interference is expected to be larger than predicted.
However, the experimental results of reference 23 show 1lift interference
larger in some cases than would be thecretically predicted even if the_top

and bottom walls were completely open. Tentatively, at least, these exper-
imental resulﬁf are rz=garded as less reliable than the theory.

The interference in the presence of a three-dimensional source is easily
derived from the theory for the solid blockage interference. The total
botential for the source at the center of a tunnel with ohly top and bottom
walls slotted is given by integrating from -2 to x the sum of equations (hL5)
and (S7) of reference 17. The x-derivative'of this potential yields the
total axial induced velocity for the source, which is evidently the same as

the total potential for the doublet., If the potential of the original

lFor this explanation, the author is indebted to Dr. S. Katzoff of the NASA
Langley Research Center. '
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doublet (summation parameter k = O in equation LS) is subtracted out, the
remainder yields the interference velocity for the source. This interference
velocity is evidently zero at the position of the model, x = y =z = 0, It
also anproaches zero far upstream, so'that the interference velocity in

the presence of the source is zero whatever the slot configuration., Similarly,
the velocity pradient in the presence of the source is given by the same
equation as the interference velocity for the doublet and is therefore zero
for the case considéred in Table III.

Test sections with porous or perforated walls,- Porous or perforated

boundaries have some advantage for supersonic testing not only with respect
to supersonic interference but also, because of their strong tendency to
damp out flow disturbances, with respect to the establishment of a unifom
test region. In addition, there is some experimental evidence to suggest
that a tunnel with such boundaries may require less power than the slotted
tunnel (see, for instance, reference 2li). On the other hand, the problems
involved in constructing and operating porous or pefforated tunnels are
much more severe than those characteristic of slotted tunnels, The dis-
advantages with respect to optical methods of flow observation are ébvious.
Some not~so-obvious disadvantages will appear in the discussion of the
interference, ”

Because of the severe constructional difficulties and of the practical
impossability of obtaining and maintaining porosity contrel, true porous
materials have been liftle used in wind-tunnel construction. As a compromise,
perforated materials have been employed and, again to facilitate Eonstruction,
the perfora£ioﬁé (usually round hdlos) have been made larger than would
otherwise aprear desirable. Variations in shape and'arrangement of the
verforations have also been tried (see, for instance, references 2l and 25).

One of the most successful of these has the holes so slanted that the outside
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end of a hole lies farther downstream than the end at the inside surface of
the tunnel wall., Another is a compromise with the slotted tunnel by which
the place of a slot is taken by a strip of perforated material.

With such wide variation in shape and arrangément of perforations, it
is not surprising that wide variations also exist in the ratio of open to
total boundary, the oven-ratio, required for the best attainable interference
charécteristics. The performance of a wind tunnel of this type cannot be
theoretically rredicted but must be determined by experiment, lMoreover,
in this experimental determination, the conditions to be encountered in
model testing must be adequately represented. One of these conditions has
to do with the boundary layer. Since the dimensions of the perforations
are usuvally of the same order as the thickness of the tunnel boundary layer,
its influence may be expected to be quite large. It is easy to see that the
presence of a boundary layer on a perforated wall of given open-ratio will
cause that wall to react as if the open-ratio were larger. Such a result
is found experimentally in reference 25. As a result of this behavior, the
effective porosity in a region of inflow may be much greater than that in a
region of outflow through the wall. The actual boundary conditions at a
perforated wall are therefore far from certain even with the most reliable
experimental determination of the wall characteristics.

For this discussion, the. tunnel will be assumed to be unifommly
porous. (The tunnel with the porosity concentrated in streamwise strips
conld rerhaps be treated as a combination slotted and porous tunnel after
the manner of reference 6), The distinguishing characteristic of the por;us
wall is the linear variation of'velccity nomal to the wall with pressure
difference across the wall. A permeability factor for the wall is then

conveniently defined as

R - 2 V/V
p/a
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where v is the wvelocity normal to the wéll and b is the pressure
difference across the wall (see refs. 27 and 26). With truly porous material,
the permeability factor R should vary directly with the stream velocity

and with the density. An increase of porosity with density was found in
reference 27, even though the perforations tested were considerably larger
than wonld correspond to a true porous material. |

In any practical perforated wind tunnel, the perforations are likely
to be much too large to permit the justification of the linear pressure-
velocity relation on the tasis of porons-wall theory, For flow nomal to
the wall, the pressure difference across a wall with holes normal to the
surface would be expected to vary with anproximately the square of the
velocity. However, since the hole size is of the same order as the boundary-
laver thickness, the velocity parallel to the surface at the entrance to the
hole should not he assumed zero.

A simplified treatmenrt of the flow into a hole in the presence of the
streamwise velocity is given in referenée 28. TFor this investigation, the
hole is suprosed to be a two-dimensional slot with thin edges transverse
to the stream. Tn srite of the simplifications, this theory is believed to
give a valid indiéation of the phenomena attendant upon the flow into a hole,
It is indicated that with many transverse slots, the velocity nomal to the
surface is anproximately a linear function of the pressure difference across
the slots, The value of R is found to require the compressibility factor ﬁ7 .
The corresponding supersonic factor # is stated in reference 2L to be applicable
also with supersonic flow over the perforated material. The approximately
linear nressure«veloéity relation is shown experimentally for circular per-

forations both in the experimental results of reference 28 and in figure 1

1

of reference 27. However, in reference 27, the pressure-velocity curves

are aoproximately straight also for the case of zero velocity parallel to
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the perforated surface. Evidently, the porous-wall condition persists for
larger verforations than would be indicated by the theory. The curvature
shown in the vressure-~velocity curves of figures 28 and 29 of reference 2l
is perhaps at least partly due to éhe boundary-layer effects,

The predicted variation of‘the permeability factor R with Mach number
is not suvported by the available data. Neither the data of reference 27,
when analyzed in terms of the permeability factor, nor those given in reference 24
show any certain consistent variation of the non-dimensional ﬁressure—velocity
ratio with Mach number, certainly no tendencv for the effective permeability
factor to approach zero at Mach number one. The same conclusion can be
inferred for supersonic velocity from figure 13 of reference 25,

The absence of any appreciable compressibility effect on the effective
permeability factor is believed to be vpartly due to the small aspect ratio
of the verforations as sugpested in reference 28 (Sweptback edges would
have a similar effect), but it could also be due bartly to the boundary
layer, since particularly with small holes the effective velocity at the
surface of the perforated~m§teria1 must always be considerably less than
that in the center of the tunnel. Moreover, it will be remembered that the
porous-wall theory predicts that the permeability factor R will increase
with velocity over the porous material, so that insofar as the perforated
material behaves like the porous wall any compressibility effect with sub-
sonic velocity at and parallel to the surface tends to be counteracted.
This 1s perhaps the reason that the slopes of the curves of pressure difference
against stream ﬁelocity with constant normal velocity given in figure 11 of
reference 27 first decrease with increase of stream velocity before increasing
at the larger velocities. It appears that the linear pressure-velocity
relation, with permeability factor R dependent only on the geometry.of the

wall, describes, the behavior of the perforated material as well as can be
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determined from the available data. However, a more sophisticated treatment
is given in reference 31.

The theoretical first~order interference in two-dimensional and in
circular porous-wall wind tunnels is summarized in Table IV. The porosity
is assumed to be of such a value that the velocity interference due to solid
blockage is zero at the position of the model. However, for every case
shown, including the solid blockage case, the interference is a function of
ﬂ/h and not of R alone, so that for constant interference R must be
Qaried with Yach number., This is a serious disadvantage, theoretically at
least, of the porous-wall wind tunnel.

With values of e/R==1°28 for the two-dimensional tunnel and 1.22 for
the circular tunnel which afe suitable for reducing to zero the velocity
interferenée due to solid blockage the velocity gradient interference due
to wake blockage is also zero, as is shown in the Appendix.

The 1lift interference. for the two-dimensional case is derived in the
Appendix. "ith 6/R = 1.28 both dowrwash and curvature are rather large
and have the sign of the interferences in open and closed tunnels,
respectively. s -

The 1ift interference for the circu%ar tunnelkwas obtained from
equations of reference 6, the downwash from equation (L9), and the curvature
from the x-derivative of equation (L7) of that refefence. The downwash is
negligible but the curvature, of the same sign as that in the closed tunnel,
is relatively large. It is not the lift interference, however, that imposes
the most severe limitation on the size of the model. |

The porous boundary condition imposes a velocity gradient interference
due to solid blockage, a'phenomenon that is not theoreticaily found for open,
closed, or slotted tunnels. The expressions for the gradient given in

Table II were obtained by taking the second x-derivatives of the applicable
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potentials of reference 6 and substituting the appropriate values of ‘g/R
The gradients are seen to increase very strongly, as l/ﬂ L, with Yach numter.
An indication of the significance of these gradients withwg =1 is given by
noting that for both the two-dimensional and the circular tunnels, the
interference velocities, zero at the center of the model, are predicted to
increase to the closed-tunnel value (at the center) in about 0.8 of the

timnel height or diameter. This distance receives in compressible flow the

factor g , so that if the Prandtl-Glauert rule should be valid to high Mach
numbers the gradient would be very large indeed. As may be seen from
reference 30 for the two-dimensional case, the velocity gradient is large
over a wide range of permeability factors, so that little possibility exists
of any comvromise to reduce the gradient.

As seen from Table IV, the porous tunnel designed for zero solid
blockage velocity interference at the center of the model alse suffers from
a velocity interference due to wake blockage. Tne values, calculated fron
formulae derived in the Appendix, approximate half the magnitude of the
wake-blockage velocity interference in the closed tunnél, but are opposite
in sign. With somewhat greater values of /Z/R than those used in this
investigation, the interference velocities due to wake blockage would tend
to comnensate those due to solid blockage. However, with models small
enough to reduce the sclid blockage velocity gradients to permissitle values,
the wake blockage is likely to te negligible.

In spite of the uncertainty of the boundary conditions in porous wind tunnels

the theory is believed to give a valid indication of their behavior. In
particular, the velocity gradient nnted in the discussion of the very large
model in the slotted tunnel is believed to be an example of that predicted
for the norcus tunnel. The gradient is believed to a}ise from the viscous

effects associated with the flow through the slots. These effects would be

expected to increase with increase in number and decrease in width of the slots.




The porous-wall tunnel is evidently not well suited for minimizing the
bormdary interference at subsonic speeds, for
a, With plven geometry of the wall the interference character-
istics of the tunnel change>with ¥ach number,
b, The influence of the b’oundary layer on the performance
of such a tunrnel may be expectedhto be large.
c. For such a wind tunnel, no matter what the porosity,
theony indicates serious interference effects.
d, Because of the uncertainty of the boundary conditions
theoretical corrections cannot be appnlied.
To these theoretical disadvantages must be added the previously-mentioned
difficulties of construction and operation of this type of tunnel., For
purely subgonic testing, the slotted tunnel is much to be preferred.

On fhe other hand, the linearized subsonic theory is not apélicable
very near ach number one and the porous-wall tunnel has the same advantage
as the glotted tunnel with respect to the prevention of choking and with
respect to operation through the speed of sound. The interference near
sonic sneeds nust be determined by experiment. As will be seen in the next
section, the norous wall has some advantage with respect to®the supersonic

interference, and if this advantage should prove decisive, the model could

perhans be made sufficiently small to render the subsonic interference tolerable,
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TRANSONIC WIND TUNNELS AT SUPERSONIC SPREDS

No such tunnel boundary interference theory exists for the supersonic
operation of transonic wind tunnels as has been described for the subsonic
operation. What few attempts have been made to calculate the supersonic
interference, reference 32 for instance, involve such simplifications that
the results are of doubtful reliability for actuwally computing the inter-
ference in smecific cases. However, the general result of reference 32
that in a circular slotted tunnel the overall 1ift interference may not be
excessively large is believed to be correct.

The supersonic interference possesses several characteristics not found
in the subsonic interference:

(a) Positive velocity gradients tend to become localized

along surfaces (shock waves).

(b) The boundary interference reflects the detailed flow
disturbances due to the detailed shape of the model.
(c) An upstream part of the model, depending in extent on

the stream Mach number, is completely free of any boundary inter—

ference,

The first boundary disturbance to reach the model is the reflection of
the model bow wave. The extent of the interference-free region may be con-
siderably less than would be computed by assuming a shock wave of vanishingly

'
small intensity (Mach wave) making the angle sin~—l % with the tunnel
velocity. Some experimental data showing the magnit&de of this effect are
given in reference 33. In addition, the'interference—free region is fgrther
reduced by the upstream transmiséion of pressures through the boundary layer
near the intersection of the reflected shock wave with the model, This
effect may be appreciable, especially if the reflected shock intersects the

rear of the model or a sting support, where the boundary-layer thickness may
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be relatively large (see, for instance, refs. 3 and 35). The distance of
the bow wave upstream from the nose must also be considered as is done in
reference 33,

Inasmuch as disturbances in the supersonic flow are reflected from solid
walls without change in kind (shock waves as shock waves, expansion waves as
expansion waves) whereas the disturbances incident on open boundaries are
changed in reflection to waves of the opposite kind, it seems reasonable to
suppose that slotted walls might reduce supersonic as well as subsonic
interference. 1In ovractice, the slotted walls are found to be beneficial,
but their effectiveness is much reduced because of the localization of dis-
turbance effects previously mentioned. The assumption of average boundary
conditions is contrary in the supersonic case to physical reality. Thus,
the shock wave arising from the reflection of the bow shock from a solid
part of the btoundary is inclined to the flow direction at a greater angle
than is the expansion wave arising from the reflection of the same disturbance
from a slot. Even if some average of the reflections could be made zero;
therefore, a ripple characterized by an increase in pressure followed by a
decrease would appear at the model, -

Arr investigation of the nature of the supersonic interference in a slotted
tunnel is reported.in reference 33. Figure 9, which is reproduced from that
reference, shows by means of schlieren photography and of the body surface
pressure distribution the interference effect of the bow wave reflection.

The pressure disturbances at the walliare also shown., The pressure increases
at the shocks are evident.

Schlieren photography does not show clearly the part of the interference
manifest as expansion waves, because these are spread out rather than con-
centratéd. The expansions become evident, however, in figure 10, where the

body pressure distributions obtained in the eight-foot slotted tunnel are
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compared with those obtained in the sixteen-foot slotted tunnel. The six-
teen-foot tunnel data are interference-free at ach numbers greater than
about 1.05, and the interference is believed to be small at lower Mach
numbers.

As can be seen from figﬁre 9, the model tested was properly small
relative to the eight-foot tunnel. With larger models, the interference
would be larger, but in an approximately circular tunnel, because of the
tendency to focus disturbances toward the center, the effect of reduction
in model size is not as large as might be expected. The principal behefit
of decrease in model size arises from the decrease in the Mach number for
% which the model becomes completely intérference—free. With respect tc shock
! wave reflection, this effect is doubly important, however, because of the
decrease of shock wave intensity with decrease in Mach number.

The interference could be spread out to achieve some of the effects of
average boundary conditions aﬁd of the average interference characteristic
of subsonic flow by testing in square rather than circular tunnels. However,
because of the solid side walls, the tunnel with only top and bottom walls
slotted does not arpear to be well suited interference-wise for testing
three-dimensional models at low supersonic speeds. Also, in this case, the ’
schlieren system will nomally be improperly oriented for detecting reflections
from the side walls. ,

Interference disturbances such as those seen in figures 9 and 10 evidently
need not in,themselvgs cause any substantial effect on the model force coef-
ficients. Thus, a wave having no net cha;ge in velocity would be expected to
have an entirely negligible effect on drag if it should intersect the mid- |
section of the body, where the streamwise slopes of the surface are small.

The smallness of the effects of some such disturbances are shown in reference 36; -

On the other hand, it is clear that if a reflected disturbance should strike
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a tail surface, the moment might be appreciably falsified. Similarly, the
drag might be falsified if a reflected disturbance should strike near the
tail or trailing edge of a model. The supersonic interference effects may
therefore be expected to be quite irregular with respect to both model con-
figuration and Mach number. These effects should be considered in any tests
planned to detect or to investigate the supersonic interference. The small-
ness or absence of supersonic interference found in certain test results may
in some cases be the result of crudeness of the tests or of insensitivity

of measurement.

In order to achieve at least approximately the average uniform boundary
condition and to cancel the disturbances in the vicinity of the wall, porous
walls, walls with many small slots, and perforated wallé have been considered.
As might be expected, the operation of such walls is strongly affected by
the boundary layer. In addition, as pointed out in reference 37, the slotted
tumel is affected by transmission of pressure upstream in the slots.

These boundary-layer and slot effects complicate the reflection and
again lead to compressions followed by expansions. The expansions may be
quite larpge if the bqgndary layer is of considerable thicimess, and are then
followed by further compression after the boundary-layer thickness has been
reduced by flow through the wall. (See, for instance, ref. 2). As has
already been vointed out, the increasing thickness of the boundafy layer in
regions of inflow, as would exist hehind a single expansion wave for instance,
greatly increases the effective porosity of the wall, so that in such regions
th; porous wall may perfom as an almost open wall. ‘These effects can be
reduced by converging the walls and drawing off the greater part of the
boundary layer; but this procedure is rather inconvenient and introduces
the danger of producing a pressure gradient in the tunnel by improper adjustment

of convergence and suction.




Cn the assumption that the average velocity normal to the wall is a
linear function of the pressure difference across it and that the behavior
of the wall can be characterized by a pefmeability factor R, the value of
R required for shock cancellation is easily derived. Such a derivation is

% given in reference 33, where the required value of R is found to be equal
‘ to the cotangent of the shock angle. It is thus a function both of the Mach
number and of the shock strength. However, with small three-dimensional
nodels, the shocks and expansion waves reaching the walls are expected to be
relatively weak, and as the shock strength approaches zerﬁ, the required
value of R is shown to approach the compressibility factor 48 . (The
experimental results of reference 25 tend to confirm this theory.) Since,
as concluded hereinbefore, the permeability factor depends almost solely on
the geometry of the wall, it seems that a given wall is suitable for only
one Mach number, On the other hand, the ¥ach number range over which small
models (relative to tunnel size) are subject to supersonic interference is
small. Horeover, near Mach number one, the interference is small, so that
if the porosity is adjusted for zero reflection of the bow wave at a Mach
number near the upper end of the range, the interference may be negligible
at all supersonic Mach numbers. With properly small models, the minimization
of the interference due toc bow wave reflection therefore appears possible,
The cancellation of the bow waye is evidently insufficient of itself
to assure freedom from boundary interference. Other disturbances produced
by the model, both shock and expansion waves, must be considered. The can-
cellation of each disturbance as it intersects the wall is no simole matter,
even for a singie stream Mach number and without any consideration of boundary-
larer effects, because the penneabiliﬁy factor is required to vary along the
wall opposite the model. In two dimensions, because of the unique relation

between velocity and flow angle, this variation is not large, but in three



dimensions, for which no such relation exists, the variation is great and
even a negative value of R may be required, as can be seen from figure L
of reference 25,

“ven if cancellation of disturbances is assumed, the boundary inter—
ference does not thereby become zero; because in the unrestricted flow part”
of the field outside the vosition of the walls influences the model in other
ways than simply pemitting free transmiss;on of the disturbances, and this
influence must be adequately represented.

These effects have been investigated by Mr. Clarence “atthews of the
NASA langley Research Center. 1In this investiczation, the restricted and
unrestricted flow fields about two- and three-dimensional models were cal~
culated numerically by characteristics methods. The two-dimensional model
assumed was a symmetrical 10-percent-thick almost parabolic airfoil blocking
aporoximately 2L nercent of the two-dimensional tunnel in which it was placed.
The three-dimensional model consisted of a 17,5° (half-angle) nose cone
followed by an infinite circular cylinder. This model blocked approximately .
1.8 percent of the cross section of the circular tunnel in which it was
placed., =

For the two-dimensional model, the calculated distributions of pressure
coefficient with various tunnel boundary cond'tions are shown in figure 11.
The non~-reflecting wail with Prandtl-¥eyer exransion outside the walls yields
pressure coefficients vractically the same -as obtained with the free-field
boundary condition. The effect of the cut-off part of the flow field is
therefore adequatelr represented by neglecting any diSturbénces returned
from that part of the field to the model and simply cancelling each disturbance

wave at its intersection with the wall. This result is to be expected from

the fact that the flow about an airfoil in supersonic flow is apyroximately

given by assuming a Prandtl-feyer expansion downstream from the attached
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bow wave. To achieve the cancellation of disturbances with free-stream
pressure behind the walls, the rermeability factor R is required to be a
function of the local Macﬁ number at the wall and must therefore vary both
with free-stream Yach number and with position along the wall. However,
even with a constant porosity designed to cancel the bow shock, the inter-
ference is seen to be quite small in contrast to the very large interference
shown for the open boundary case.

In two dimensions, the major difficulties anpear to be connected with

the renuired variation of vemeability and with the previously-discussed
boundary-layer effects. Since over the vart of the boundary downstream from
the nosition of how-wave intersection the permeability for non-reflectivity
is required to increase, some downstream increase in boundary-layer tﬁickness
may be beneficial. Moreover, since the expansion waves, which are characteristic
of this region, are spread out rather than concentrated, any such benefit
can be realized without the complications previously noted in connection with
the intersection of the bow wave with a wall containing a boundary layer.
If the rivple caused hy the shock wave-boundary laver interaction can be
tolerated, some of the variation with stream Mach number of the permeability
required to cancel the bow wave can be achieved by controling the undary-
layer thickness as suggested in reference 25,

For the three-djmensional model, the pressure distributions at the surface

of the model in the ovresence of various non-reflecting walls are shown in

‘figure 12. Although the results for the three-dimensional model are rather

crude, because of practical limitations on the fineness of the computational
characteristic net, they show clearly the influence (in addition to allowing
free transmission of the disturbances) of the part of the flow field outside

the wall position. The assumotion of non-reflectivity is seen to be entirely

“insufficient to assure non-interference. The assumption of constant velocity



and flow angle across the wall is equivalent to cutting off all disturbances
fron the outside flow, 1In the absence of the comrressing effect of this part
of the flow field, the nressures over the part of the model subject to inter-
ference are tooc low, The conical-shock case, on the other ﬁand, allows some
influence of the outside field, but does not include the effect of decrease
of intensitv of the bow shock with distance outward from the nosition of the
wall., In this case, the correct pressures are rmuch more closély approx-
imated, The third assumption, that the change of velocities and angles with
distance along characteristic lines is constant across the boundary, leads to
decreasing velocity in the outside field and a corresponding nositive pres-
sure gradient on the model,

In »nractical model testing, the outside flow field is unknown, and in
any case, an accurate representation of its effect on moael characteristics
does not seem 1ikely; Nevertheless, if the model is kept small relative to
the tunnel size, the maintenance of stream static pressure outside of per-
forated tunrel walls mayr vrovide a reasonably good arproximation to the average
influence of the nart of the free field outside the vosition of the tunnel
boundarv,

The effects of two different porous walls are shown in figure 13. In
toth cases constant, free~stream pressure is assumed outside the norous walls.
As could be‘expectcd because of the large variation along the wall of the
permeability required for interference-free flow in the three-dimensional
case, the distirbances with the constant-porosity wall are large. However,
these disturbances are soon damped out and the vressure at the model returns
to the free-stream value maintained outside the walls.

For the slant-hole wall, in simulation of the possible physical behavior,
the shock-cancellation value of permeability was assumed for the region of

the wall onrosite the forward part of the body, where outflow through the wall
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is required, whereas over the vart requiring inflow an average of the values
required for zero interference was assumed. In this -ase, the disturbance
to the flow is even larger and does not damp out so rapidly downstream, The
large disturbance is dve to the mis-match of the assumed permeability with
that required in the region of intersection with the wall of the strong
expansion wave arising from the corner at the juncture of the cone with the
cylinder of the body. Perhaps the princinal advantage to be obtained from
the slant holes lies in their use to wrevent too large increase of effective
permeability in regions of inflow. In this connecticn, it should be noted
that in the three-dimensional case, even if the permeability distribution were
correct for non-interfesrence, it would in most placesvnot be correct for the
cancellation of surerposed disturbances, loreover, the distribution of
permeability required for non-interference would be different for every
different model and for every different ach number, Even without consideration
of the additional practical aroblams, it is evident that interference-free
wind-tunnel testing of three-dimensional models is quite nlikely.
Mevertheless, the interference due to reflection of the bow wave can be
greatly reduced and with sufficiently small models, the total interference
may b2 reduced to tolerable values. In a square tunnel, the disturbances
would be less concentrated than in the circular tunnel, for which figure 13
anplies. Yoreover, a model with smaller streamwise curvature of the éurface
than that at the cone-cylinder juncture would cause less concentrated exransion
disturbances, and the required variation of permeability factor would be lesg.
For oractical testing, a compromise between slotted and perforated tunnels
such as used in reference 39 may be acceptatle., In any case, the tendency of
the interference disturbances'to accumilate locally and the consequent nossibility
of large and irregular effects on the model coéfficients, especially moment

coefficients, should be remembered.



EXAMPLES AND COMPARISONS

Comparisons of the results of testing different models in the same
transonic wind tunnel and of éesting the same or similar models in transonic
tunnels of éifferent size or in free flight will give some appreciation of
the interference effects to be expected in practical model testing and of
the limitations on model size réquired to keep such interference small.

Such a comparison for the surface pressures on a body of revolution have
already been shown in figure 10. From the same source, reference 33, the
drag coefficients for the body of revolution are shown in figure 1Lk, The
drag.coefficients in the Langley 8-foot transonic tunnel were obtained from
both force tests and pressure distributions. These data are compared with
data obtained on approxima.tely the same body shape in free-~fall tests and
on the same body in the Langley 16-foot transonic tumnel. Both the 8-foot
and 16-foot tunnels were approximately circular and slotted to give open-
ratios slightly too great for zero solid blockage interference. In spite
of the relatively small size of the model with respect to the 8-foot tunnel,
about 0.1h vercent areé blockage and length about 0.8 of the tunnel radius,
some suversonic interference is seen to be present. This interference can
be explained, exceot for the uncertain region just above Mach number one,
as due to the passage of the bow-wave reflection over first the forward and
then the rearward part of the model. With an off-center location of the
mode),, the interference is seen to be reduced. This ?eduction is taken to
indicate that a square tunnel cross section would be preferébfé to the
circular cross section for supersonic testing. The model size is considered
to be sufficiently small for most testing in the 8-foot tunnel. 4

/

Some comparison tests for a wing alone are reported in reference [ A

Examples of the results of these tests are shown in figures 15 and 16, where

%2
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1lift and pitching-moment characteristics in a L.5 x 6.25-inch tunnel are
compared with similar data obtained from tests of the same side-wall-mounted
wing in a 7- by 10-foot closed tunnel., The wing was mounted next to the
solid wall with the semispan in the direction of the greater dimension of
the tunnel. The walls above and below the wing surface in the small tunnel
were then slétted with two different open ratios, 1/5 or 1/8, or were open
or clesed as indicated in figures 15 and 16, The wing semispan was L.2l
inches, its mean-aerodyqamic chord 2,17 inches, and its half-area 9 square
inches, 1In snite of the large size of the wing relative to that of the
small tunnel, the 1ift in the slotted tunnel with open-ratio 1/8 is seen to
be not much different from that in the 7- by 10-foot tunnel, whereas with
open or with closed boundaries the difference is great. Figure 16 shows that,
as might have been expected, the differences in pitching_moment are greater
than those in 1lift. Because of the large number of slots used, the theoretical
characteristies of the slotted walls used in these tests are almost the same
as those of open boundaries. However, partly because of the large number

of slots and vartly because of the large depth of the slots, slot-width-to-
depth ratios 0.07L and 0.132, the slotted-wall theory is not applicable, and
the walls are telieved to partake more of porous=-wall than of slotted-wall™
characteristics., All th#t figure 15 shows, therefore, is that with such
boundaries the 1ift interference can be greatly reduced.

Some comparisons of 8-foot and 16-foot slotted tunnel tests of a body
with sweptback wings are given in reference# Both tunnels, of approximately
circular cross-section, were slotted to give an open-ratio slightly tco
great for zero solid-blockage interference. The btody fuselage for these
tests was approximately 32.6 inches in length and 3.33 inches in maximum
diameter. The wing was of semispan 12 inches, its mean-aerodynamic chord

6.25 inches, area 1 square foot, sweepback L5°, and taper ratio 0.6. The
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size of this model is representative of the sizes of models ordinarily

tested in the Langley 8-foot transonic tunnel. The results of the tests

of this model are also compared with data from tests of a geometrically
similar model three times its size in the Langley 16-foot transonic tunnel.
Comparisons for 1lift, drag, and pitching-moment coefficients are given in
figures 17, 18, and ;9, respectively. FExcept at the largest angles of attack,
the interferences on the small model appear to be small. In these cases,
differences that can certainly be assigned to boundary interference rather.
than to measurement errors appear only at near-sonic or supersonic Speeds.
The sweepback of the wings is perhaps favorable in lessening and in spreading
out the effects of the supersonic interference. Even with the larger model
in the 16~foot tunnel the interferences are not large, but this model is
perhaps larger than should ordinarily be tested at Mach numbers near one in

a tunnel of this size,

Some unoublished 1ift and moment data obtained for a large complete
model tested in the Langley 16-foot transonic tunnel and in the Langley 8-foot
transonic pressure tunnel are compared in figures 20 and 21. The approximately
circular tunnel, 16-foot, was slotted as described in the next preceding
paragrarh, The square 8-foot pressure tunnel had four shaped slots in each
of the top and hottom walls with average open ratio opposite the model
approximately 7.9 percent for each wall. The model, mounted at the center
with wing span verpendicular to the solid side walls of the tunnel, was very
large relative to the size of the 8-foot tumnel, Its length was about
86-percent and its span almost bl-percent of the width of ﬂ;e tunnel., Its
frontal area was 0,96 rercent and its wing area 7.6‘percent of the tunnel
Cross-sectional area. Because of the large power requirement, the model was
tested at 0.l atmosphere total pressure in the 8-foot pressure tunnel rather

than at 1 atmosphere as in the 16-foot tunnel. In spite of the large size of
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the model, the differences between 0-foot and 1é-foot tunnel results are

not large. As expected, tha moments show larger differences than the 1ift.
The theoretical streamline curvature in the 8-foot tunnel is practically
neclirible, but the downwash due to 1lift interference at subsonic speeds
requires a theoretical angle-of-attack correction of about =0.2Cq, degrees,
The application of this correction wduld evidently improve the 8-foot tunnel
results. At supersonic speeds, the 1lift interference seems to be less than
at subsonic speeds.

It is remarkable that in all the anplicable test results examined, the
interference in transonic wind tunnels does not increase with anproach to
Mach number 1 as suggested by the (inapnlicable) linearized subsonic theory.
This behavior is of great importance for the usefulness of transonic tunnels
and also sucgests the nossibility of srmall interference near Mach number one
for small models tested in tunnels desimed primarily to reduce the super-
sonid"interference. Tests of winged models in such a tunnel are described
in reference 39.

In these tests, models of three different sizes were placed in a 2- by
2-foot tunnel having walls containing many narrOW'stream;&se strips of swept
perforated material td give an open-ratio of 6 vercent. Such a tunnel may be
regarded as a comoromise between the slotted tunnel and the porous-wall
tunnel. The reader is referred to reference 39 for details of médels,
tunnels, and tests. For this tunnel, a large reduction was obtained in
boundarv interference compared to that in a closed tunnel. With a model
blocking 0.51 percent of the tunnel cross-sectional area, the interference
was found tolerahls at all test Mach numbers (0.6 to 1.3). It is not clear,
however, excent verhans in the matter of lower nower requirements, that a

tunnel of this tyme is superior to a slotted tunnel of the same cross-sechtional

shape, even for supersonic testing. The performance of the walls used is
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not theoretically predictatle; and the open-ratio required was determined
from exveriment,

In comparing boundary-interference data from different wind tunnels, it
should be remembered that the detection of interference is dependent on the
accuracy of measurement and that the measurement accuracy is likely to be
less for small than for large models, For these reasons, tunnel boundary
interfarence from t-he larger facilities is in general considered more

reliable,



CONCLUSIONS

1. For ¥ach nurbers well below one, coarsely slotted tunnels, which
are relatively easy to build and operate, are extremely effective in reducing
the boundary interference even with very large models. The permissible model
size is somewhat limited, however, by the fact that the 1ift interference is
not reduced to zero for the same wall peometry as is required for zero
blockage and that bscause of viscous effects, a residual pressure gradient
exists,

2. Perforated tunnels, which involve difficulties in construction and
operation, operate much like porous-wall tunnels, and the interference
characteristics with given geometry therefore change with Mach number. The
interference in such tunnels is further characterized by relatively large
oressure gradients. Perforated tunnels are for these reasons unsuited for
testing large models at subsonic speeds.

3. Slotted tunnels with many slots partake strongly of the nature of
porous~wall tinnels.

i« At Mach numbers well below one, theoretical corrggtions are approx-
imately applicable for the interference in coarseiy slotted but not in finely
slotted or perforated ;gnnels.

S. Both perforated and slotted boundaries eliminate the tunnel choking
near Mach number 1.

6, In transonic tunnels designed for small boundary interference,
the interference does not increase wi th approach to Kach number one as pre-~
dicted by the linearized subsonic theory, but remains small. With properly
small models, therefore, both slotted and perforated tunnels are suitable
for Mach numbers near one,

7. The perforated tunnel is believed to have some advantage over the

slotted tunnel for the prevention of shock-wave relfection, but its performance

v



is stronely affected by the wall boundar- laver,

8. The practical removal of the surersonic interference on a two=-
dimensional model over a small range of llach numbers anpears possible by
use of nerforated wallgo

9, For three-dimensional models, the removal of the sunersonic inter-
ference does not arpear practical, but it can be greatly reduced. The
models must £hereforé be small felative to the tunnel size.

10. The suversonic interference is irregular, and care must therefore
be exercised in;suneréonic testing to locate any Mach numbers for which
excessive interference may be present., The moments are particularly sensitive
to such interference. |

11. For reducing and spreading out the effects of the supersonic inter-

ference, the rectangpular test section is nreferable to that of circular shape.
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TABLE II.- THEORETICAL FIRST-ORDER BOUNDARY INTERFERENCE

WITH A SMALL MODEL IN A CIRCULAR WIND TUNNEL
WITH UNIFORMLY SPACED STREAMWISE SIOTS.
DESIGNED FOR ZERO SOLID
BLOCKAGE INTERFERENCE

Kind of interference References

Downwash at model in presence of 1ift

Streamline curvature at model in
presence of 1lift 19

Induced velocity at model in
x-direction in presence of doublet 6, 17, and 19

Induced velocity at model in
x~direction in presence of source 19 and appendix

Veloeity gradient at model in

x~direction in presence of source 0 19 and appendix
, ‘v ‘¥ 1s factor by which closed tummel interference must be multiplied
to cbtain slotted tunmel interference.
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(a) Closed tunnel.
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{a) Closed tunnel,

{b) Open tunnel,

Figure 2.~ Troiling vortices incircular tumnels.







(a) Closed tunnel,
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Figure 9.- Shock reflection from slotted boundary of 8-foot transonic
tunnel. Stream Mach number = 1.056.
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Figure 12.- Pressure coefficients at surface of cone~cylinder model with various
nonw-reflecting tunnel boundaries. N = 1.19k; blockage 1.80 percent.
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APPENDIX

SUBSONIC BOUNDARY INTERFERENCE IN PRESENCE OF -

SOME SIMPLE SINGULARITIES

For use in reference the subsonic wind-tunnel interferences in the
presence of three simple singularities are briefly derived. These
singularities are the two-dimensional vortex, used to represent the
1ift of a two-dimensionsl wing, the two-dimensional source, used to
represent the wake of the two-dimensional wing, and the three-dimensional
point source, used to represent the wake of a three-dimensional model.
The derivations are heavily dependent on the theory of reference 6, and,
except as otherwise noted, the symbols are the same as used in that ref-
erence. 1In all cases the singularity ik placed at the center of the
tunnel and the x-axis is taken positive downstream along the tunnel axis
or center line.

Two-Dimensional Vortex

The potential of the two-dimensional vortex in unrestricted subsonic
flow is g

-1 P ,
(P]_'_‘é%tanly . (l)

X

As in reference 6, page 8, P and the interference potential ¢* have

been substituted into equation 9(b) of that reference to give, for the
upper wall

B i '
-igG* - 1gK oG* + feltiad =L |- 3 e gx{dx +
00
ply? - Bx?  _lex . .

2
(x® + B2y2)

-0

00

-

R 2 2y2
X< +
Q0 ‘ B y=h

BX  dgx gy e

=3 &




w3+t

where the indicated derivations of 9, have been taken before taking
the transforms.

From reference 6, page 9, a solution for G* having the requirgd
"odd dependence on y 1is

G* = B(g)sinh(Bgy) | (3)

Evaluation of the integrals in (2), use of (3), and substitution of the
boundary value h for ¥y yields for B(g), on separation of real and
imaginary parts

B & luinn(pen) + Kog cosh(agh)] " %[1 WX Blgl@c‘oeh(ﬂg’h)

B(g) = =L oPleln B T&l
g [s1nn(pen) + kee cosh(Bsh)] [— o uh(agh)]

l—]_ - }'{ﬁ ﬁlg]h] E;inh(ﬁgh) + Kpg cosh(th)-J - R) TET cosh(Bgh) )

ar -pleln

g [sinh(th) + Kpg cosh'(th)] 2 + [}% cosh(th):]

Use of equation (4) with equation (3) and of equation (3) with
equation (13b) of reference 6 gives, with q = Bgh

" [sinh(q) + o cosh(q) + ( - I—i—%)cmh(q;] e qsinh(qy)cos(ﬁb)dq

[sinh(q) + J cosh ] [ﬁ cosh(qﬂ 2 »

Jo [nm(q) + 5}? cosh(q)J [— cosh(q)j] ¢

o0 [( _ %)(sinh(Q) + I-(E(l cosh(Q).> _ (%)2¢osh(q)"e-q51nh (%)sin(%%)% . o)

Since on the center line, y = O, the potential ¢* is zero, a constant, -

the interference velocity in the free-stream direction x 1is zero there.
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The upwash velocity is

oo [T+ 58 o)« (bS] o e
dy

0 [S.inh(Q) + -KBS cosh q]a + [}% cosh(q)]e'

\/« [ sinh(q) + cosh(q)) (R)gcosh(q)] cosh(q‘y)sin(qx)dq:

(6)
[sinh(q) + 'ihﬂ cosh(q)]z' + [}% .cosh(q)]

With V the free-stream velocity the streamline curvature is
given by .

o I}inh(g) + I-%l- cosh(q):l2 + l:% cosh(q)]2

. r ) [(1 - }%)ﬁsinh(.q) + % co;h(q)) - (’g)acosh(qJe qcosh( )cos(g' )q aq | (7)

E:(Véha o Einh(q) + l-%g CO'Sh(q).i 4-r j{; cosh(q)]

In the cldsed tunnel, %__)oo

o0
“eosn (§)ein(g)
- _ T . e cosh-H-51nBqu
closed ~ pnp cosh(q)

(8);

o 3

At x =0 the upwash is zero Similarly as x-»-» the upwash again i

. Qeosn (W
- approaches zero becguse = )h remains continuous and bounded.
cosh(q
The curvature at x =y = 0 in the closed tunnel is
- :
-q |
(l__av*> =D | 2399 x p (9)}
V 3x ) olosed 2aVpn2 ‘cosh(q) . 48 VBh2 3
x=0 0

y=0
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These results agree with those quoted in reference 2 for B — 1 when

the differences in definition of h and w are taken into account.

v

For the ideal porous wall K = 0, the upwash is

X
W = Bh

. h
porous onh

0 Einh(q):lg + [% cosh(q)]2

o R )

® [:siqh(q) - (%)2 cosh( q;‘l e -qc_osh (%‘z) sin(-g—i{l-)dq

0 ':fs:l.nh(q):]f.2 + [% c:cosh(q)]2

At x =0, y =0 a downwash exists.

d
i q

_ I
porous = 3 5 -
;:8 Y ]':as:i.nh(qf_]2 + [% cosh(q)]

o fw

- cos”t
Yeh

® Esinh(q) + cosh(q)] e %cosh (gl)cos(g-)dq :

(10)

‘(11)

where the inverse cosine function is to be taken positive. The upwash at

X—»-= is again zero, so that (11) gives the total downwash in the

porous tunnel.
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The curvature of the flow at x = 'y =0 1s, from (7)

® [sinh(q) - (%)2coéh(q e"9q dq N
V- ‘ BPERLE S

)porgus 2xBheY. o [sinh(q)] 2, [1% cosh(q):l2
: oy T

| 2 32

. = __:__._Ef.s_ - I\ 4 L._]

L unshzv » 2 4

(Ef 7
-1t - :
.where A\ = cos ‘ 5 and is to be taken positive.
1+ (—B—)
R

If AN 1is replaced with 2r

1wt _ 1.-6£+6r—2J
<V gr)porogs .2hBh2V[ T g2
X= :

y=0 ’-

_— '(1aw*

3

ta,

where tan r( %) is inverse to the tangent of r defined in refer&-: v ':

ence 26. It follows on reference of equation (19) of reference 26 th&t
the flow curvature is zero for a value of B/ R inverse to that for
which the solid blockage 1s zero. S ::;

For the ideal slotted wall, 1[R =

N bt (l - Ei)e qcosh( )sin )dq 2
I : h

a3

slotted 2h o sinh(q) + I% cosh(q) : !

Lo

Equation (13) yields nothing at x = =0, y =0, but a8 x — -, th§ i

© at q =0 produces ‘ :



U=l &

2|5

Q(l - )e-q o
w* -§2§%r% lim ‘ = I (lh?_kw$
slotted %0 ginh(q) + =L cosh q hh(l + %) .

=2

y=0 S
Xy~ R
' , : ;‘ :i

4+I B

exists at the model. i

Relative to the flow at -« therefore a downwash,

Tt &t

The curvature at x =0, y =0 is

1 - ]e q dq - 5;
(; __.gw*) - L [ ) (15) "
V X Jslotted 2BV, sinh(q) + %1 cosh(q) o

x=0 -
y=0 L

The integral has been approximately evaluated for K/ h = 1.18, which
is about the value required to give zero blockage. For this case

R ol

Bean . WLl P

(L ;_5w_t> __..o 081+ -0.0130-L1__
v ox slotted 2cph v Bhy
=

¥y=0

R e b g

which is sllghtly more than 10 percent of that in open tunnel and of§
opposite sign and slightly more than 20 pez‘cent in absolute value oOf;
that in closed tunnel. -  For jthe open Jjet, K l/R = 0, the upwa.sh ia

T ® e‘%osh(%)sih(%—i)dqj"
open ~ Zrh sinh(q)

R Py

‘which is evidently zero at the position of the model, x =Yy = 0.
the center line, y = 0, far upstream, x—>-, the upwa.sh becomes



U3 &t

I x ge~d r ‘
v open % 2 0 sinh(q) Lh (a7)
y=0 R | .

X = =00
Relative to conditions fgp»upétream,_therefore, a downwash 'E% exists at

the modelJ:‘This result agrees with that glven on page 46 of reference 2,
when it is remembered that the h used there is twice that used in this

" development and that k = I'/cV.

Y
4,
—

The curvature at x = 0, y =0 1#

00

1 dw* -T e 4 -« .
(V ox )opgn oxpny | sinh(a) 2lgh2U
¥=0

which for B = 1 agrees with the value given on page L4 of reference 2.

Two-Dimensional Source

For a two-dimensional source in unrestricted subsonic flow the
potential is

9 = 5o 1o 2+ 82 (19

where b 1is the source strength. Substitution of this relation for ?
into equation (9b) of reference 6 for the upper wall condition gives

_5¢* + KBEQ* + & 5¢f]
R y=h

ox Oxdy oy

| x e 2y 1 52y |
aratx2+32y2 (x2 + 852)% R a2, 27
A
Instead of equation (14b) of reference 6 is

y.—.'
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oG* . 1 oG*)
-igG* - 1gK& 4+ -—) :

i

h
—a 2 iﬁ-——e'BIglh iKBnge'BIglh EES-Eifl—
un2p g\ &l R

A o SeneaRi v

The solution

R

= A(g)cosh(Bgy) : (20)

given in equation (15) of referencé 6 is appropriate for the present |
development, whence :

b e-BlEln [(—l-gT - Kﬁg)(cosh'(ﬁgy) + Kpg sinh(th)) - (%)2 sinh(th)] ]

Ag) = Eory =

[cosn(pgn) + Kpg sinn(gen)]® + [g- sinh(th)]z

b e -8lglh Lﬁ——- sinh(pgh) + -(cosh (Bgh) + Kpg sinh(ﬂgh))]

g1
bng = .
X -8 [cosh(egh) + Kpg sinh(ﬁgh)] + [1% sinh(th)]

(21)

Use of equation (21) in equation (20) and of (20) in equation (1§b) { {g
of reference 6 ylelds, with q = Bgh ; i

o0 . ) o - ';
K K ca. (). fex\e ]
i b [(1 - B-q)(cosh(q) + 54 sinh(q)) - (%) sinh(qﬂe cosh(-ﬁ-)cos(‘-m)-a _ g, ‘
) ' 2 5 ¥
2rp [cosh(q)-f Kq sinh(qﬂ 2, [E sinh(q)J A
° n ' R S S
. ,L' ; ‘?:, ‘ ’ k
o Q

f [sinh(q) + cos. (q) + & sinh(q)] 'qcosh(qy)s:ln(%%()qu—q :;
)HtB R :

cosh(q) + I_(_q Sinh(q]z + E? sinh(q)J




. The interference velocity is

u* .= %%*- e fm [( - %q)(cosh(Q) + %q sinh(q)) - (% )zsinh(q)]e-‘qcosh(ih-q‘y)‘ sin(%%)dq _

2 . 2 2
2np<h o - [cosh(q) + KTq sinh(q)‘l + [g- sinh q-\

b B ” [sinh(q) + cosh(q) + %q sir;h(q)]e‘%osh(%) cos(%%)dq
5 R
B<h 0

[cosh(q) + th. sinh(vqﬂ-2 + [% sinh q]z

(23)

2t

The velocity gradient in the x-direction at the position of the

model, x =0, y=0 1is
(Bu*> _ b * [(l - %q) (cosh(q) + %q ;inh(q» - (%)2éinh(qﬂ e %9 dq
o _ 2370 0 [cosh(q) + %q sinh(q):] e + [—% sinh(q):l2

(2k)

For the closed tunnel, l/R —>® the velocity interference at the
position of the model, x =0, ¥y = 0,.is given by equation (23) as zero.
Far upstream, however, x—>-» the velocity interference

-q
-b nqe -b
¥ S lim = (25)
closed - -
v20  2xp2n 40 2 sinh g 4B°n
XD~ : ‘

which for B ->1 agrees with the usual result. That is, the flow at the
model has & velocity interference b/ 482h relative to the flow far
upstream. The velocity gradient at the model is, from (24)

dut\ _ _ b T e d4q = —b__ 22 _ _xb (26
<8x> a«rﬁr@fo Sn() . pepdne 12 2updnl )
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For the ideal porous wall, K =0

Yoo | 2 - X
‘. cosh(q) - (B sinh(qﬂ_e Losh (Pein(2x)dq
u*POrous = 2:;211 I: (R) 2 . (hz h) B
o [cosh(qﬂ + [% sinh(q)]
© Y gx
h{— —d
o g [ ()n) o)
2. R 2
. axBh E:osh(q)]2 + [% sinh(q)]
At the model position equation (27) becomes
u* =- ,b2 %ff & 5
porous 2nB<h 0 \> 2 _B_
);:8 [co‘sh(q)] + [R sinh(q):\
= - .._Ez\_— . . (28)
lmﬁzh

N

) . 5
-1l - ‘R>

where A = cos 5
)

velocity far upstream is zero, so that (28) gives the total contribu-

tion. The gradient in the porous tunnel at the position of the model
is from (24)

is to be taken positive. The interference

, -~ (29)

) - [l
porous 21153112 0 Eosh(q)]2+.[% s'inh(fl):‘2

y=0



The integral in equation (29) is the same as that 1n.equation (22)
" of reference 6 and the(gradient due to wake blockege will therefore be
zero for the same value of BfR as will the solid blockage be zero.

For the ideal slotted tunnel, 1/R = 0, the interference velocity
18 zero both at the model and far upstream. The gradient becomes

00 K -
(?“*> & (1 - Eq)e 4 aq
2 .
% Jsiottes  2n6’n® g cosn(q) + K2 stmn(a)

(30)

The integral in equation (50) is the. same as tha. in equation (23) of
reference 6, so that the gradient is zero for the same value of K/h a8
is the solid blockage zero.

For the open tunnel K = 1/R = O the interference velocity u* is
again zero both at the model and far upstream. The velocity gradient at
the model, x =0, y =0 is from (24) '

00

ou* . -b e-qq dg-_  -~-nb (%1)
ox - 2 cosh(q) 2 3
open 2p3n q 48p7n
x=0 O' ,
y=0 . 5

Three-Dimensional Point Source in Circular Tunnel

The potential of the point source in unrestricted flow is

P, = =2 (32)

o 4 P2

where b is the source strength and r 1is the cylindrical radial coordi-
nate perpendicular to the x axis. Instead of equation (55) of refer-

ence 6 is




-b e . -b
G, = _§ —_—_— X = —XK (BI‘ gl) (33)
-0 VX f | '

The next equation of reference 6 becomes
A(g)[-iglo(ﬁ.gro) - 1gKpel, (Bery) + %Bgil(ﬁgro)]

= f%é-[-igKo(Brolg|) - igK(#—BIgl)Kl(Brolgl) + %(—Blgli)Kl(Brolgl)]

where I,, I, KO2 and K, are modified Bessel functions of the first
and second kind, respectively. Solution for A(é) gives, with q = Br g

o]

. -|ql§—4( (1al )Io(q) + Kn( I K i (2 | ':
NS L o1 0 q( + Ko(lal)Ip(q) + Q;-:(o(lql)ll(q) (qlqlr—-§+ .—3— ﬁ—e Ky (1al)1y(a)

be®

L

+

[Io(q) . qu{;Il(qi]z " E%Il(q)]'e

o ) [~ (laDo(a) - Kol (@]]
2R =7
b [Io(q) + qI-I‘(—Il(qﬂe . [%11(‘1)J2
o ‘ ] 4
On taklng the inverse transform of G* the equation correspondlng
to equation (3)+) of reference 6 is o
2b P Ap far\ . [ax B [ By far).,./ax |
o* = f 27 (——)cos = _\4q - = Br ( )31n )dq (34)
lmEBro o C O\ro BTy RJo € Orq Pr,

where

A(Q;%%:%) = -Q;EK;L(Q)I()(Q) + Ko(a)Ig(a) +

2\ ‘
eS%o(a)11(a) - <q2r5% + %)Kl(q)ll(q)]

0 o
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-b eigx

G = &’é dx = —K_(Briel)

X +Bar2 MEO

The next equation of reference 6 becomes
A(s)[—iglo(ﬁgro) - 1igKpelI, (Bery) + %Bgll(ﬁgro)]

aetolerolel) - textatel orolel) + Halet ol

(33)

)

where Iy, I, Ko and K; are modified Bessel functions of the first
2 o
and second kind, respectively. Solution for A(g) gives, with q = Br,8

: qul—oﬂKl(lql )Ig(a) + Kp(lal)Igla) + qf-'KO(IqI)Il(q) - (qlqlK + |q| - Kl(IQI)Il(q)]
Ag) = —— ‘

0
@ [}O(q) + q;rll(qﬂ [}Il(qi]

1-2_B [‘LglKl(lql)Io(q) - KO(Q)Il(q)} e
2 R ]
b [IO(Q) + q‘riIl(Qﬂe . []%Il(q):,g

+

On takihg the inverse transform of . G¥ the equation correspondiﬁé'

to equation (34) of reference 6 is
2b A qr ax B * B qr gx
¥ = Jj =I ( >cos ——\dq - = =I (——)sin ———)dq
4ﬁ23r0 o C © Pro R € e BT,

where

Ao ) - e (@To0) + Kolao(a) +

aKo(a)T; (a) - <q2% + %;)Kl(q”l(@]

° o

'(34)
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he - - ’ e ‘f’ y
o . v
B(q) = Eil(q)lo(q) +-Ko(q)11(qil =%
K 8 | K 2 (s 2
C(Q’Q’R = {{fo(@) + ax=Ty(0)) + £11(a))
The axlal interference velocity is
® e ¥ (g— cos(35~)d
w o= b AIo(qr)Sin(qx )q dq + 2 O\rg) *\Brg) ™
ox 2,2.. 2 Br R C
BT | do ° 0
(35)
and the gradient in the axial direct&on
o 0 T\as X
' Io(g—)51n( )q dq
T r
N O AT i s
X a235r°5 Yo R C
| At the position of the source, x = = 0 the velocity and velocity
gradient become,respectively
B[ &
B o= g 2 D
r=0 an“pr 0
and
aQ* b J‘w A2
S =—=2— | =q%dq (38)
<3X >x=8 2xPp3r,? vo ©
r=

The integral in equation (38) is the same as that in equation (35)
of reference 6, which applies for the velocity interference in the
presence of a doublet. It follows that if the velocity interference at
the model due to solid blockage is zero the velocity gradient at the
model due to wake blockage is also zero.

<
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“ In the closed tunnel, 1/R->«, equation (37) gives zero velocity
interference at the position of the source. However equation (35) shows
that far upstream, x - -o, the interference velocity becomes

o«
: K I
closed ~ x];glfw 2b Qf 1(a) 1(:)<1 Sin(%f—)dq
126" 2ro? Jo [t ° ’
»
=P
2xpZro”
At the position of the source therefore an interference velocity ———%9—5
’ 2nB To©

occurs, 88 18 casily derived from continuity conei@erstions.

‘For the ideal porous wall K = 0, tue interference far upgtream is

zg;o, but at the position of the source equation (37) ylelds

-b q_

u¥ = —— (%9)
porous ~ o 2.0 2 . 2

TOUS  on2plr, E;o(q)] [%Il(q)]

x=0

This equation can be evaluated for appropriate values of B/R.
In the ideal slotted tumnel, l/R = 0, and in the open tunnel,

llR = K = 0, the velocity interference is easily shown to be zero both
at the source and far upstream. ‘
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